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ABSTRACT

Large Area and Depth-Profiling Dislocation Imaging and Strain Analysis in Si/SiGe/Si Heterostructures

Report Title

We demonstrate the combined use of large area depth-profiling dislocation imaging and quantitative

composition and strain measurement for a strained Si/SiGe/Si sample based on nondestructive techniques of electron 
beam-induced current (EBIC) and X-ray diffraction reciprocal space mapping (XRD RSM). Depth and improved 
spatial resolution is achieved for dislocation imaging in EBIC by using different electron beam energies at a low 
temperature of ~7 K. Images recorded clearly show dislocations distributed in three regions of the sample: deep 
dislocation networks concentrated in the “strained” SiGe region, shallow misfit dislocations at the top Si/SiGe 
interface, and threading dislocations connecting the two regions. Dislocation densities at the top of the sample can be 
measured directly from the EBIC results. XRD RSM reveals separated peaks, allowing a quantitative measurement of 
composition and strain corresponding to different layers of different composition ratios. High-resolution scanning 
transmission electron microscopy cross-section analysis clearly shows the individual composition layers and the 
dislocation lines in the layers, which supports the EBIC and XRD RSM results.
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13 Abstract: We demonstrate the combined use of large area depth-profiling dislocation imaging and quantitative
14 composition and strain measurement for a strained Si/SiGe/Si sample based on nondestructive techniques of
15 electron beam-induced current (EBIC) and X-ray diffraction reciprocal space mapping (XRD RSM). Depth and
16 improved spatial resolution is achieved for dislocation imaging in EBIC by using different electron beam energies
17 at a low temperature of ~7 K. Images recorded clearly show dislocations distributed in three regions of the sample:
18 deep dislocation networks concentrated in the “strained” SiGe region, shallow misfit dislocations at the top
19 Si/SiGe interface, and threading dislocations connecting the two regions. Dislocation densities at the top of the
20 sample can be measured directly from the EBIC results. XRD RSM reveals separated peaks, allowing a quantitative
21 measurement of composition and strain corresponding to different layers of different composition ratios.
22 High-resolution scanning transmission electron microscopy cross-section analysis clearly shows the individual
23 composition layers and the dislocation lines in the layers, which supports the EBIC and XRD RSM results.

24 Key words: electron beam-induced current (EBIC), transmission electron microscopy (TEM), X-ray diffraction
25 reciprocal space mapping (XRD RSM), strained silicon, dislocations

26
INTRODUCTION

27 Strained Si/SiGe/Si heterostructure is a technological material
28 that offers the combined advantage of Si semiconductor
29 technology and band gap engineering (Kittler et al., 1995).
30 Inside the Si/SiGe/Si heterostructure, SiGe is compositionally
31 graded and strain relaxed. The use of SiGe as a buffer allows
32 for the fabrication of a wafer-scale strained Si layer by creating
33 a larger in-plane lattice constant on a Si substrate. By opti-
34 mizing the band structure of strained Si in a process called
35 band engineering, mobility enhancement factors can be
36 obtained over bulk Si with ~2 for electrons and as high as ~10
37 for holes. It thus provides a promising route toward high-
38 speed Si devices (Mooney, 1996; Yuan et al., 2004; Chu
39 et al., 2009), and an alternative to bulk silicon in the CMOS
40 technology (Paul, 2004; Zhang et al., 2008). Strain relaxation
41 via dislocations results in carrier scattering sites, which
42 increases leakage current and degrades mobility. It also brings
43 about undesirable strain reduction and surface roughness,
44 which degrades the device performance (Yuan et al., 2004;
45 Yuan et al., 2005; Zhang et al., 2008). Thus, the strain and
46 dislocations in the Si/SiGe/Si heterostructure need to be
47 carefully managed to reduce dislocations threading through
48 the device layers at the top of the sample (Mooney, 1996;

49Yuan et al., 2005). This is mainly achieved by alternating
50compositions inside the heterostructure. Thus, character-
51ization of dislocations, strains, and compositions are of
52critical importance for both device applications and materials
53synthesis (Kittler et al., 1995; Yuan et al., 2004).
54Electron beam-induced current (EBIC) technology
55(Donolato, 1981) provides a powerful way for observing dis-
56location over relatively large areas of samples (Leamy, 1982;
57Higgs &Kittler, 1993; Yuan et al., 2004). It has the advantage of
58in-depth imaging of electronic active defects with a relatively
59good spatial resolution, although its signal/noise ratio needs to
60be carefully handled and its spatial resolution is limited by
61electron scattering and the carrier diffusion length. X-ray dif-
62fraction reciprocal space mapping (XRD RSM) is a quantita-
63tive strain analysis technique. The mapping is achieved by
64combining theω andω-2θ scanmodes of XRD analysis, which
65can be used to determine lattice parameter change in the
66sample very accurately, and provide very useful strain and
67composition information (Yousif et al., 2001; Yamamoto et al.,
682004; Ferrari & Bocchi, 2008; Shah et al., 2012). Transmission
69electron microscopy (TEM) offers excellent spatial resolution,
70and can be used to image individual dislocations in the sample
71in more detail (Yamamoto et al., 2004; Yuan et al., 2004).
72Composition analysis performed in a TEM system further
73allows determination of local composition. However, a major
74disadvantage of TEM analysis is the sample preparation, which*Corresponding author. jianzuo@illinois.edu
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75 is destructive and time consuming. In addition, owing to the
76 small sampling area, TEM is more suited for high-resolution
77 analysis.
78 In this paper, we report a combined large area non-
79 destructive analysis of a Si/SiGe/Si heterostructure using a
80 combination of EBIC and XRD RSM. Using a combination of
81 different electron beam energies and low sample temperature
82 for EBIC, we are able to resolve both threading and misfit
83 dislocations (MDs) at different sample depths. Dislocation
84 characterizations of EBIC are correlated with TEM observa-
85 tions. Composition analysis is also performed based on the
86 XRD RSM results and compared with scanning transmission
87 electron microscopy (STEM)-based energy-dispersive spectro-
88 scopy (EDS) analysis. Comparison of these three techniques
89 demonstrates that the combination of depth resolved EBIC
90 imaging and XRD RSM allows for an extraction of complete
91 information of composition, strain, and dislocations of the
92 sample. The principles of our analysis are general. Further
93 applications can have a significant impact on advancing semi-
94 conductor heterostructure research and development.

95
EXPERIMENTAL METHODS

96 A Si/SiGe/Si (100) heterostructure sample provided by Texas
97 Instrument (Dallas, Texas, USA) was used for the experi-
98 ment. Inside the heterostructure, there is a three layer step
99 graded (strained) region with a total thickness of 1.9 μm on
100 top of the Si substrate, which is followed by a 2.65 μmuniform
101 (relaxed) SiGe layer, and then a 17 nm strained silicon nano
102 layer. For the EBIC experiment, a 700 Å thick aluminum thin
103 film was deposited on the sample by e-beam evaporation to
104 form a Schottky contact. A Temescal E-Beam Evaporation
105 System (Livermore, California, USA) was used for the coating,
106 with a background pressure of 10− 6 Torr. The sample was
107 cleaned with dilute HF solution (H2O:HF = 10:1) for 30 s
108 before the aluminum deposition. The top aluminum electrode
109 and the silicon substrate were wired to a current collecting
110 circuit through silver paste bonding. The EBIC measurement
111 was performed in a Jeol 7000F Analytical SEM system (Jeol,
112 Peabody, MA, USA). A low-noise current preamplifier
113 (SR570; Stanford Research Systems Inc., Sunnyvale, CA, USA)
114 was used to collect the EBIC signal from the sample, and to
115 convert it to a voltage signal for imaging on the SEM. A liquid
116 helium cooled sample stage was used for low temperature
117 measurements. XRD RSM analysis was performed with a
118 Philips X’pert MRD system (Philips, PANalytical, Almelo, the
119 Netherlands). Si and SiGe [224] peaks were monitored for the
120 RSM analysis. The cross-sectional TEM and EDS experiment
121 was done on a Jeol JEM2010F (S)TEM system under the high-
122 angle annular dark-field (HAADF) STEM mode using
123 200 keV electrons.

124
RESULTS AND DISCUSSION

125 Depth-Profiling Dislocation Imaging Using EBIC
126 Figure 1 is an EBIC image of the sample obtained at
127 30 keV electron beam energy and at room temperature (RT),

128showing the typical cross-hatch pattern (Yuan et al., 2004;
129Pizzini et al., 2006) that arises from MD networks deep in
130the sample. These MD lines are in the directions of [011]
131and [01-1] that are determined based on the sample edge
132orientation. In order to get a clear image with the low signal
133level at room temperature, we used a high-beam current of
13425 nA. The image shows a brighter contrast on the left
135compared with the right side. This is caused by the voltage
136drop caused by the aluminum film resistance, with the left
137side being close to the current collecting pad.
138We then cooled the sample temperature down to ~7K
139using liquid helium and took EBIC images under different
140electron beam energies. The image at 30 keV shown in
141Figure 2a is similar to the RT one, but with the increased EBIC
142contrast at the lower temperature. In this case, we were able to
143get a clear image at 1 nA current. The image contrast also is
144highly uniform without the background brightness shift as
145seen at room temperature. Figure 2b is the low temperature
146EBIC taken at 20 keV electron beam energy. Besides the cross-
147hatched lines, dim dots appeared in the figure, showing
148threading dislocations (TDs) in the sample. In the EBIC image
149recorded at 3 keV electron beam energy (Fig. 2c), the cross-
150hatched lines seen from deep regions of the sample in Figure 2a
151disappeared, but thin lines corresponding toMDs at the top Si/
152SiGe interface region show up in the image, also black dots
153from TDs are seen in clear contrast.
154Figure 2d is the EBIC image recorded at 3 keV EBIC
155as shown in high magnification, in which individual MDs
156and TDs are clearly seen. The dislocation densities can
157be measured directly from the figure. Such measurement
158gives an MD density at 5.1 × 103 cm− 1 and the TD density at
1599.6 × 106 cm− 2.
160In Figures 3a and 3b we performed a comparison
161between the data recorded in Figures 2b and 2c. The dotted

Figure 1. Electron beam-induced current image of the sample
obtained at room temperature with 30 keV, 25 nA beam current.

2 Xin Chen et al.
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162 lines in Figure 3a mark the locations where the cross-hatched
163 lines are strong in contrast, correlating to high-dislocation
164 densities at those regions. These dotted lines are then super-
165 imposed on top of Figure 2c as shown in Figure 3b. This figure
166 shows that the MD and TD densities seen from the top of the
167 sample are high along the dotted lines, especially at the inter-
168 sections of these lines, indicating a correlation between the
169 top and bottom dislocations in the sample. Furthermore,
170 the discernible dots from TD in Figure 3a are at almost the
171 same locations as in Figure 3b, suggesting the TDs are possibly
172 connecting the MDs at the top and the deep regions of
173 the sample.
174 Figures 3c and 3d presents a simplified schematic illus-
175 tration to explain the above results: a dislocation in the deep
176 “strained” SiGe region bends up and penetrates through the
177 “relaxed” SiGe layer and become a TD in the sample. Where
178 the dislocation density is high in the “strained” SiGe regions
179 as reflected by the stronger cross-hatched lines seen in EBIC,
180 the possibility of generating a TD is also high. The TDs may
181 directly penetrate the top strained Si layer as shown in
182 Figure 3c, or it may glide (Mooney, 1996) at the strained
183 Si and SiGe interface and form an MD line as shown

184in Figure 3d. In this way, the dislocations seen in the top
185sample region are correlated in position with those MDs in
186the deep sample region. As depicted in Figure 3d, at an end of
187an MD at the top Si and SiGe interface, the dislocation line
188connects to a TD into the deep region of the sample. The
189other possibility is that it may bend up and ends up at the top
190of the strained Si surface. When it connects to a TD into the
191sample, we see a dot at the end of the MD line in the low
192energy EBIC image. In the other case, the TD is too short to
193be seen in the EBIC image. The image of Figure 2d is con-
194sistent with this scenario. Some black dots are standing
195alone, suggesting the TDs have penetrated to the sample
196surface without forming MD lines at the top Si and SiGe
197interface. Other dots are located at the end of MD lines
198and some MDs end up with a black dot, while other ends do
199not. This observation is important as it provides detailed
200information about defect distributions at the top of the
201strained Si surface.
202It is remarkable that the low temperature and electron
203beam energy significantly helps the contrast obtained in
204EBIC. The features identified by the EBIC contrast image
205correspond to defects where free carriers recombine, which

Figure 2. Electron beam-induced current images of the sample obtained at ~7 K, with 1 nA beam current at (a) 30 keV;
(b) 20 keV; (c) 3 keV; and (d) 3 keV at larger magnification.

Depth-Profiling Dislocation Imaging 3
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206 subtracts from the amplified current and causes a reduction
207 in pixel value in the EBIC image. The contrast is increased by
208 having either stronger recombination within the defect, or
209 having a greater number of carriers reach the defect from the
210 point of entry at the surface of the sample. The difference
211 in contrast can mostly be attributed to the degree of overlap
212 of the dislocation and the so-called “generation volume”
213 created by the electron beam. As the generation volume
214 expands in all three dimensions and the electron dose peak
215 shifts to deeper regions of the sample as the beam energy
216 increases, defects that are only imaged by a higher energy
217 beam can thus be said to exist deeper within the sample.
218 To model this difference in visible depth, we simulated
219 the distribution of electron energy density within the samples
220 using a Monte Carlo simulation software package (CASINO,
221 Drouin et al., 2007). A simulation was set up with a sample of
222 identical material composition and layer depth as the experi-
223 mental sample and simulated with an electron beam of 3, 5,
224 10, 20, and 30 keV beam energy and 1 nm beam size, and run
225 for a total of 100,000 electrons. The resulting energy dis-
226 tribution data were integrated over the x and y dimensions
227 and compared to show the depth dependence of the two
228 energies. The data are shown in Figure 4a versus the depth in
229 micrometers. The electron energy density simulation here
230 clearly shows that electrons at 3 keV do not reach far beneath
231 the surface and the overwhelming majority do not reach the
232 “relaxed” SiGe/“Strained” SiGe boundary, whereas at 30 keV

233the electrons penetrate fully throughout the “relaxed” SiGe
234layer, “strained” SiGe layers, and even into the Si substrate at
235comparable energies to the SiGe layer. Thus, enough electron-
236hole pairs are generated in the “strained” SiGe layers for
237recombination that is owing to defects to show up in the
238contrast image obtained by EBIC.
239The EBIC contrast (c) is proportional to the recombi-
240nation strength of a dislocation to the first order approx-
241imation and energy density deposited by the electron beam.
242For the same energy density profile, assuming c∼ 1/τ with τ
243for the lifetime of the defect trapping state (Higgs & Kittler,
2441994), the temperature dependence of c is determined by the
245temperature dependence of lifetime. Previous investigations
246have revealed two types of contrast temperature dependence
247for dislocations (Kittler et al., 1995), one increases with
248increasing temperature (type I) and the other increases with
249decreasing temperature (type II). What we see here with an
250increase in contrast at low temperature and the low signal
251level at RT are all consistent with the type II contrast. The
252type II contrast has been attributed to shallow trap levels.
253According to the Shockley–Hall–Reed model for shallow
254levels, the lifetime decreases upon cooling owing to Fermi
255level shifting toward the band edge. The shallow trap level is
256believed to be the intrinsic properties of dislocations.
257The significant improvement in EBIC contrast at 3 keV
258can be attributed to the energy density profile. Figure 4b
259plots the energy deposited versus transverse distance from

Figure 3. a, b: Compare electron beam-induced current images at different energies to see defect depth distributions in
the sample. c, d: A schematic plot to show the correlations of the dislocations from different depths of the sample.

4 Xin Chen et al.
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260 the electron beam obtained from the Monte Carlo simula-
261 tions. At high-electron beam energies, the profile has a tail
262 distribution that extends to several hundreds of nanometers.
263 At 3 keV, the extent of energy density distribution has a half-
264 width of 25 nm.

265 RSM
266 Figure 5 is the XRD RSM result recorded near the [224]
267 diffraction node of the sample, which provides the following
268 information about the sample. First, apart from the silicon
269 substrate peak (marked as S), four distinct spots of Si1 − xGex
270 (marked as L, 3, 4, and 5) are seen in Figure 5, indicating four
271 distinctive layers of different composition ratios. The four
272 peaks are broadened in the upper left to lower right direction,
273 which result from lattice distortions that can be attributed to
274 MDs in all the four layers. Among the four peaks, the three
275 weaker peaks (3, 4, and 5) came from the thinner “strained”
276 Si1− xGex layers on the silicon substrate, and the strongest
277 peak L has a composition ratio that correlates to the

278“relaxed” Si1 − xGex (18.6% Ge) layer on top of them. The
279strained Si peak 6 is directly above the “relaxed” 18.6% Ge
280one, suggesting the layer was almost fully strained with the
281Si1− xGex. The strained Si peak is broadened in the [001]
282direction, indicating the small thickness of the layer. Lattice
283parameter calculation shows the four Si1− xGex layers are
284moderately strained with amplitudes varying from 0.05 to
2850.12%, while the strained Si layer is strongly strained with
286ε⊥ = − 0.54% and ε// = 0.90%. The long streaks pointing
287to the right in the figure are the analyzer streaks from the
288instrument.
289Further results from the RSM analysis are listed in
290Table 1. The lattice parameters and the Ge concentrations of
291the different layers are calculated. The peak intensities
292roughly follow the layer thickness, with the strongest peak
293from the substrate and the weakest from the top strained
294silicon layer. Table 1 also lists the measured FWHMs.
295Compared with peak L, peaks 3–5 all have large FWHM,
296indicating the large amount of defects in their corresponding
297layers. Peak 5 height is relatively small partially owing to
298its larger FWHMs. For the strain Si, a// equals that of
299the SiGe layer L underneath it within the measurement
300precision, while EBIC results indicated an MD density of
3015.1 × 103 cm− 1.
302Of further interest, as shown in Table 1, besides the
303silicon cap layer, all the SiGe layers also showed positive
304parallel strains (Strain//’s). Silicon has a lattice parameter
305smaller than SiGe, thus, an epitaxial Si cap layer is supposed
306to have a positive Strain// owing to the lattice stretch from the
307SiGe layer underneath it. For the SiGe layers on the silicon
308substrate, the nonnegative Strain//’s indicate there are other
309mechanisms determining the strains in them.
310We note that the SiGe layers are deposited at elevated
311temperatures. At the high-growth temperatures, the strains
312might be relaxed owing to the production of dislocations,
313however, when the sample was cooled down, thermal expan-
314sion mismatch can cause new strains between the layers. The
315Si1− xGex thermal expansion coefficients are larger than Si,
316with larger values for larger x (Schaffler, 2001), which we
317speculate as the cause of positive Strain//s in the SiGe layers. In
318Table 1, we see Si1− xGex layers with larger x values show
319relatively larger strains, correlating with their larger thermal
320expansion mismatch with the Si substrate. To compensate the
321lattice distortions as indicated by the positive Strain//s, all the
322Strain⊥s of the Si and SiGe layers showed negative values.

323TEM Analysis
324Figure 6a is the TEM cross-section image of the SiGe sample
325recorded in STEM using a HAADF detector. Different layers
326in the sample can be distinguished by the layer brightness,
327and the dislocations lines at the layer boundaries. The
328darkest part to the right is the silicon substrate, with the
329lower electron diffraction intensity resulting from the lower
330average atomic number. Above the substrate, there are three
331“strained” SiGe layers separated by the MD lines at the layer
332boundaries. Further to the left is the “relaxed” SiGe layer.

Figure 4. Top: Plot of electron energy density in arbitrary units
versus depth, as simulated via Monte Carlo simulation. Five dif-
ferent electron beam energies were used: 3, 5, 10, 20, and 30 keV.
Also shown are the major epitaxial layers in the sample: “relaxed”
SiGe and “strained” SiGe, separated by dashed vertical lines.
The Si substrate lies beneath the “strained” SiGe layers (x ~ 5 µm).
Bottom: Plot of electron energy density in arbitrary units versus
transverse distance from the beam, as simulated via Monte Carlo
simulation. A selection of different electron beam energies is used:
3, 5, 10, 20, and 30 keV (ascending in order of magnitude).

Depth-Profiling Dislocation Imaging 5
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333 Above the “relaxed” SiGe layer, is the very thin strained Si
334 top layer, which is not discernible under this magnification.
335 Besides the dislocations in the “strained” SiGe layers, there
336 are also some dark lines in the “relaxed” SiGe region, con-
337 firming the existence of dislocation lines even in the
338 “relaxed” SiGe layer of the sample.
339 Figure 5b shows the composition analysis on the sample.
340 The squares are the EDS results on different locations of the
341 sample, which clearly show the Ge concentration changes in
342 the different layers of the sample. The triangles are the XRD
343 RSM results plotted into the figure for comparison. The
344 results from the two methods agree very well except the
345 result for peak L in Figure 5.

346
SUMMARY

347 In this paper, we reported nondestructive defect characteriza-
348 tion in the Si/SiGe strained structures using depth-profiling
349 EBIC and XRD RSM and by comparing with STEM analysis.

350Dramatically clear EBIC images were obtained by cooling
351the sample down to ~7 K. TDs and MDs near the top of the
352Si/SiGe structures are clearly imaged with the low temperature
353EBIC measurement and low kV electrons. XRD RSM analysis
354showed four composition regions of SiGe layers and gave
355accurate composition ratios in the layers; it also provides an
356accurate measurement of strain. The Si cap layer showed
357positive Strain// and negative Strain⊥ owing to lattice para-
358meter mismatch with the underlying layer; the four SiGe layers
359also showed positive Strain//s and negative Strain⊥s, which are
360attributed to thermal expansion mismatch with the silicon
361substrate. Both EBIC and X-ray RSM results are supported by
362TEM/EDS analysis. The study here demonstrates the com-
363plementary advantage of each technique employed here.
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445

Figure 6. a: High-angle annular dark-field transmission electron
microscopic (TEM) image showing individual layers and disloca-
tion distributions in the sample. b: Energy-dispersive spectroscopy
composition profile (square) in comparison with the X-ray dif-
fraction reciprocal space mapping data (triangle). c: TEM image
showing glided threading dislocation (TD) and TD toward the
surface of the sample.
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